using laser microsurgery and cell fusion we have explored how additional centrosomes and/or chromosomes influence the duration of mitosis in human cells. We found that doubling the chromosome number added approximately 10 min to a 20 min division, whereas doubling the number of centrosomes added approximately 30 min more. extra centrosomes and/ or chromosomes prolong mitosis by delaying satisfaction of the spindle assembly checkpoint. thus mitosis can be prolonged by non-genetic means and extra chromosomes and centrosomes probably contribute to the elevated mitotic index seen in many tumours.
The spindle assembly checkpoint (SAC) prolongs mitosis until all kinetochores are stably attached to spindle microtubules. In organisms with low chromosome numbers, such Drosophila melanogaster 1 or Schizosaccharomyces pombe, the SAC is not essential because spindles form rapidly. However, in higher eukaryotes, where the attachment of all chromosomes can take hours 2 , the SAC is essential. In animals, kinetochore attachment to the spindle is thought to occur through a stochastic exploration of space by dynamic microtubules nucleated from the centrosomes 3 . This 'search-and-capture' mechanism predicts that spindle assembly would be delayed in cells with extra chromosomes and accelerated in cells with extra centrosomes. Surprisingly, the little data existing on this topic is counterintuitive, suggesting that extra chromosomes 4, 5 and/or centrosomes 6 have little influence on the duration of mitosis.
To explore this issue systematically, we examined cultures of diploid human cells at 37 °C by time-lapse video light microscopy. These records revealed that the duration of mitosis, defined as the interval between nuclear envelope breakdown (NEB) and onset of anaphase, is 19 ± 3 min in telomerase-immortalized retinal pigment epithelial (RPE-1) cells (mean ± s.d.; n = 200; throughout the text n represents the number of cells pooled from more than 3 independent experiments). Next we inhibited cytokinesis in RPE-1 cultures with the actin polymerization inhibitor cytochalasin D (0.2 µM). After 16 h these cultures contained binucleated cells , entered the next mitosis within 24 h. As binucleated cells contain twice the normal number of centrosomes (and chromosomes) they formed multipolar spindles during mitosis. When compared with 2N controls in these cultures, which averaged 20 ± 4 min (n = 130) in mitosis, binucleated cells averaged 49 ± 17 min (n = 90; Fig. 1a ). Thus, doubling the chromosome or centrosome number, or both, prolongs mitosis by more than 2-fold. Although binucleated RPE-1 cells initially formed tetrapolar spindles, these subsequently transformed into bipolar or tripolar spindles so that 52% of the cells ultimately divided into two daughter cells (Fig. 1a, Supplementary Information, Fig. S1 ), whereas 48% divided into three cells. This prolongation of mitosis in binucleated RPE-1 cells is due to a delay in satisfying the SAC because binucleated cells entered anaphase 17-22 min (Fig. 1b , n = 6) after microinjection with Mad2-ΔC, a dominant-negative form of Mad2 that abrogates the SAC 8 .
As cancer cells often contain extra chromosomes and centrosomes, one would expect their mitosis to be prolonged. Indeed, we found that for HeLa cells (modal chromosome number 80-85, ATCC) the duration of mitosis was 46 ± 19 min (n = 200; Supplementary Information, Table S1 ). As in RPE-1, this prolongation is due to a delay in satisfying the SAC because depleting Mad2 with a short interfering (si) RNA induced HeLa cells to exit mitosis approximately 15 min after NEB 9 . We also found that mitosis in binucleated HeLa cells containing twice the number of chromosomes and centrosomes was 88 ± 35 min (n = 104). However, unlike RPE-1 cells, 97% of binucleated HeLa cells formed stable tri-or tetrapolar spindles that produced three or four daughter cells.
The duration of mitosis in binucleated rat kangaroo (PtK 1 ) cells is reported to be similar to that of mononucleated cells (57 versus 50 min, ref. 6 ). This contrasts sharply with our finding that mitosis in binucleated RPE-1 cells was prolonged more than 2-fold, compared with mononucleated controls. The reasons for this discrepancy are unknown. However, as the 2N chromosome number in PtK 1 is 12, binucleated cells enter mitosis with 24 chromosomes, which is 4 times fewer than in binucleated RPE-1 cells (and the earlier data do show that, compared with mononucleated PtK 1 cells, mitosis takes 7 min longer in binucleated cells).
Is it the extra centrosomes, extra chromosomes, or both, that prolong mitosis in binucleated RPE-1cells? To answer this question, we inhibited cytokinesis in RPE-1 cells expressing human centrin-1-GFP to generate binucleated G1 cells containing two labelled centrosomes 10 . We then removed one centriole pair (that is, a centrosome) by laser microsurgery 11 .
To eliminate the possibility that cytochalasin D, which was used to induce binucleation, triggered the p38 stress checkpoint 7, 10 in our experimental cells, we treated the cultures continuously with a p38 inhibitor (SB203580, 20 µM; ref. (Fig. 1c) that took 33 ± 5 min (n = 10) to enter anaphase. Each division produced two daughter G1 cells containing one centrosome and a 4N nucleus that cycled into the next mitosis, which lasted 29 ± 5 min (n = 6; Fig. 1d ). By contrast, surrounding mononucleated 2N cells with 2 centrosomes, and binucleated cells with 4 centrosomes averaged, respectively, 22 ± 3 min (n = 100) and 56 ± 20 min (n = 80) in mitosis. Thus, doubling the chromosome number increases the duration of mitosis by approximately 50%. Mitosis in RPE-1 cells with twice the normal chromosome number requires approximately 30 min in the presence of 2 centrosomes but approximately 50 min in the presence of 4 centrosomes. This suggests that doubling the centrosome number in diploid cells will prolong mitosis by approximately 100%. To confirm this we fused diploid G1 RPE-1 cells with G1 cytoplasts to create normal 2N G1 cells with an extra centrosome (Fig. 2) . After DNA and centrosome replication these cells entered mitosis lasting 53 ± 21 min (n = 11), similarly to binucleated cells that enter mitosis with 4 centrosomes (49 ± 17 min). Of the 11 cells examined for this experiment, 10 formed bipolar spindles and divided into two progeny after first forming tetrapolar spindles. Clearly, doubling the centrosome number in human cells prolongs mitosis by approximately 3 times more than doubling the chromosome number.
Intuitively, extra chromosomes are expected to prolong mitosis because each contains sister kinetochores that must become stably attached to the spindle. It is not known why extra centrosomes delay satisfaction of the SAC. In RPE-1 this delay could result from the progressive reorganization of a tetrapolar spindle into a tri-or bipolar spindle ( Fig. 1a ; Supplementary Information, Fig. S1 ). However, as in RPE-1, mitosis is also prolonged by approximately two times in HeLa cells containing 4 centrosomes that do not undergo this spindle reorganization. Perhaps the presence of multiple mictotubule asters negatively affects the stability of kinetochore attachments on a transient basis.
Our findings partly explain why tumours show an enhanced mitotic index relative to surrounding tissues. Usually this phenomenon is ascribed to an abnormally accelerated cell cycle 13 . However, our data suggest that b r i E f c o m m u n i c at i o n mitosis is prolonged in cancer cells because many are hyperdiploid (polyploid) and/or contain extra centrosomes 14, 15 . Indeed, a strong positive correlation exists between the average duration of mitosis in cancer cell lines and the incidence of multipolar chromosome distribution (Supplementary Information, Table S1 ). The same is true for transformed lines: on average, fully transformed BJ-ELR cells spend approximately 50% longer in mitosis than their parental BJ cells (33 versus 20 min), and BJ-ELR form multipolar spindles 12 times more frequently than BJ cells (approximately 70% of BJ-ELR cells are also hyperdiploid). The occurrence of bipolar and multipolar mitotic populations also explains the high cell-to-cell variability in the duration of mitosis in cancer cell lines ( Supplementary Information, Fig. S2 ). In contrast, cancer cells with normal chromosome and centrosome complements (HT1080) can divide in less than 20 min ( Supplementary Information, Fig. S2 , Table S1 ). Thus, mitosis can be prolonged by non-genetic means. Table S1 ). For our study we defined the duration of mitosis as that period between nuclear envelope breakdown and anaphase onset. Here the percentage of cells exhibiting similar durations of mitosis within each data set is plotted against the duration of mitosis. Normal (BJ and RPE1) cells show a tight grouping in their mitotic timing whereas cells from transformed (BJ-ELR) and cancer lines (U2OS, HeLa, HT1080; CF-PAC, MCF7 and THEp3) show significantly broader distributions. . Cell cultures were maintained in a humidified incubator at 37ºC with a 5% CO 2 atmosphere and seeded onto glass coverslips 24-48 h prior to experimentation.
U2OS (30±12 min)
Bi-nucleation and cell fusion. ; Molecular Probes) using a Narishige IM 300 microinjector system. Immediately after injection the top coverslip was added to the Rose chamber and the cell of interest filmed by phase-contrast until it exited mitosis.
